This is a review of our investigations into the neuronal mechanisms of functional recovery after spinal cord injury (SCI) in a non-human primate model. In primates, the lateral corticospinal tract (l-CST) makes monosynaptic connections with spinal motoneurons. The existence of direct cortico-motoneuronal (CM) connections has been thought to be the basis of dexterous digit movements, such as precision gripping. However, recent studies have shown that after lesion of the direct CM connections, by a l-CST lesion at the C4/C5 level, precision gripping is initially impaired, but shows remarkable recovery with training within several weeks. Plastic changes of the neural circuits underlying the recovery occur at various levels of the central nervous system. In the subcortical networks, intracellular recordings from the motoneurons in anesthetized animals demonstrated that transmission through the disynaptic pathways from the CST was enhanced, presumably mediated by the propriospinal neurons in the mid-cervical segments. The γ-band musculo-muscular coherence (MMC), with a peak frequency around 30 Hz, appeared over a wide range of forelimb muscles and was strengthened in parallel to the recovery of the precision grip. Appearance of the γ-band MMC also paralleled the change in the activation pattern of forelimb muscles; muscles which were antagonists before the lesion showed co-activation after recovery. Such γ-band MMC is thought to originate in the subcortical network, presumably in the brainstem or spinal cord. In the cortical networks, a combination of positron emission tomography and reversible inactivation techniques has shown that the bilateral primary motor cortex (M1) and ventral premotor cortex (PMv) have different contributions to functional recovery depending on the recovery stage; the bilateral M1 plays a major role in early stage recovery (b1 month), whereas the contralateral M1 and bilateral PMv are the prominent contributors to the later stages (3-4 months). Such changes in cortical activity in M1 and PMv have been shown to accompany changes in the expressions of plasticity-related genes, such as GAP-43. Changes in the dynamic properties of neural circuits, both at the cortical and subcortical levels, are time-dependent. Multidisciplinary studies to clarify how the changes in the dynamic properties of individual components of the large-scaled networks are coordinated during recovery will help to develop effective therapeutic strategies to recovery from SCI.
Introduction
Symptoms of spinal cord injury (SCI) in human patients are complicated; they usually result from accidents in which the primary damage is to the spinal cord itself. But many other complications arise, such as damage to afferent pathways, secondary expansion of damage by vascular dysfunction, edema, ischemia, excitotoxicity, electrolyte shifts, free radical production, inflammation, and delayed apoptotic cell death (Rowland et al., 2008) . It is often difficult to delineate the neuroanatomical extent of the damage, which varies considerably from patient to patient. Moreover, the pre-lesional status of motor abilities is often difficult to trace. To overcome such difficulties and obtain deeper insight into the neuronal mechanisms of functional recovery after SCI, it is important to dissociate these symptoms into different factors and develop therapeutic strategies against each of these. Animal models of partial SCI have several advantages for such investigations: (1) the extent of the lesion can be controlled by the researcher, (2) the motor ability of the subject can be recorded and analyzed at a variety of pre-and post-lesional stages, and (3) the amount of pre-and post-lesional training can also be controlled. Because the brain and body structures of macaques are close to those of humans, they are ideal models for examining SCIs (Courtine et al., 2007; Darian-Smith, 2007; Isa et al., 2007; Lemon and Griffiths, 2005; . In macaque models of SCI, careful lesioning with a fine forceps minimizes the secondary expansion of damage, which makes it possible to dissect the components of neural plasticity underlying functional recovery, and may identify targets of future therapeutic strategies. Rodent models are of course valuable, especially for studying the molecular mechanisms of functional recovery (Bareyre and Schwab, 2003; Courtine et al., 2009 ). However, there are considerable differences in the structure and function of the corticospinal tracts (CST), a major output pathway for the control of voluntary movements, of rodents and primates. In macaque monkeys, the CST passes mainly in the dorsolateral funiculus and makes monosynaptic connections to spinal motoneurons (Armand et al., 1994 (Armand et al., , 1997 Bortoff and Strick, 1993; Cheema et al., 1984; Dum and Strick, 1996; Kuypers, 1962; Lacroix et al., 2004; Liu and Chambers, 1964; Ralston and Ralston, 1985; Rosenzweig et al., 2009; Yoshino-Saito et al., 2010) . A considerable number of CST fibers are uncrossed at the pyramidal decussation and descend either in the dorsolateral funiculus or ventromedial funiculus on the ipsilateral side, and many of the crossed CST fibers re-cross the midline at the cervical spinal cord level. In contrast, the CST in rodents passes through the dorsal funiculus but does not make direct connection to spinal motoneurons Casale et al., 1988; Umeda et al., 2010) . In addition, the number of re-crossing axons in rodents is much smaller than in primates. Moreover, the relative contribution of the cortical and subcortical centers to some motor repertories appears to be different between the two species. For instance, damage to the rodent motor cortex does not cause severe impairment to locomotion, but in primates it causes paralysis (Zweckberger et al., 2003) .
Deficiency in hand movements is one of the most serious issues in tetraplegic patients (Anderson, 2004) . Galea and Darian-Smith (1997a, b) studied the recovery of grasping after spinal hemisection between C3 and C6, but in these studies, performance after the lesion demonstrated poor recovery of precision gripping. Rouiller and colleagues (Freund et al., 2006; Schmidlin et al., 2004) and Tsuzynski and colleagues (Rosenzweig et al., 2010) showed partial recovery of hand dexterity after hemisection at the lower cervical segments. On the other hand, we, and others, have established a macaque model of partial SCI, in which lesioning is limited to the lateral CST (l-CST) particularly affecting the direct cortico-motoneuronal (CM) connection (Higo et al., 2009; Nishimura et al., 2007b Sasaki et al., 2004) . In these studies, through training, the ability to perform dexterous finger movements was taken over by indirect pathways from the CST to motoneurons, resulting in near-complete functional recovery in several weeks. Here we review our studies using this animal model and our multidisciplinary analyses of the neuronal mechanisms of functional recovery. The way in which compensation occurs may vary depending on the rostro-caudal level and the extent of the lesion. In this review, we also compared our lesion model with other studies using different lesion models and discussed which pathways play a major role in the recovery in each model.
Basic anatomy; direct and indirect cortico-motoneuronal pathways in macaques
In primates, the CST makes monosynaptic connections with spinal motoneurons. The direct CM pathway is thought to be involved in the control of relatively independent finger movements (Lemon, 2008) , because impairment of these CM connections results in deficiencies in hand dexterity Kuypers, 1968a, 1968b; Tower, 1940) , and activity of a population of corticospinal neurons is specified for the control of precision grip (Muir and Lemon, 1983) . By contrast, in lower vertebrates the CST does not make direct connections with motoneurons. The shortest pathway to forelimb motoneurons in the cat, for example, is disynaptic, with a substantial portion of the disynaptic excitation being mediated by propriospinal neurons with cell bodies located in the mid-cervical segments, C3-C4 (C3-C4 propriospinal neurons; C3-C4 PNs) (Alstermark and Lundberg, 1992; Illert et al., 1977) . The existence of such PNs in primates has been questioned, primarily because disynaptic excitation of motoneurons was rarely observed in either intracellular recordings from motoneurons in anesthetized monkeys (Maier et al., 1998; Nakajima et al., 2000) or in single motor unit recordings from hand muscles in awake monkeys (Olivier et al., 2001) following stimulation of the CST or the motor cortex. However, it has been shown that disynaptic corticospinal excitation mediated by C3-C4 PNs, became evident after glycinergic inhibition was reduced by intravenous injection of strychnine (Alstermark et al., 1999, Fig. 1) . Moreover, the existence of C3-C4 PNs, which receive monosynaptic pyramidal excitation and transmit the excitation to forelimb motoneurons, has been demonstrated in anesthetized monkeys (Isa et al., 2006) . The disynaptic excitation was not observed without strychnine because feedforward inhibition from the CST to the C3-C4 PNs was so potent that stimulation of the CST caused substantial disynaptic inhibition, which prevented the PNs from firing in response to the CST stimulation; the monosynaptic excitation was sharply curtailed by the succeeding disynaptic inhibition (Isa et al., 2006, Fig. 1A) . The C3-C4 PNs also exist in humans, and similar potential feedforward inhibition from the CST has been demonstrated (Burke et al., 1994; Malmgren and Pierrot-Deseilligny, 1988; Nicolas et al., 2001) . Thus, the existence of C3-C4 PNs has been shown in electrophysiological experiments in anesthetized monkeys, but only after application of strychnine. Their functional significance needed to be clarified in behavioral studies. The experiments described in the following sections were initiated to examine the functional significance of the PNs in monkeys.
Functional recovery of finger dexterity after lesion of the direct CM pathway
To demonstrate the functional role of the indirect CM pathway mediated by the C3-C4 PNs in monkeys, the direct CM connection was transected at the C4/C5 border ( Fig. 2A) , leaving most of the PN axons intact, and reaching and grasping behaviors were tested (Alstermark et al., 2011; Nishimura et al., 2007b Sasaki et al., 2004) . In this model, the dexterity of finger movements, such as precision gripping and the independency of individual fingers, were restored within one to three months after lesion ( Fig. 2B and C) . One month after the lesion, the success rate of precision gripping was higher than 90%, however the performance appeared to be still unstable (early recovery stage), while 3 months after the lesion, the performance was stabilized in all the monkeys (late recovery stage). Completeness of the CST lesion was confirmed both electrophysiologically, by observing the synaptic potentials in the motor nucleus or the conduction volley of the CST, and histologically, with CaMKII immunohistochemistry or labeling of the CST axons by biotinylated dextran amine (BDA) injected into the motor cortex. In these animals, not only the direct CM pathway, but also the rubrospinal pathway located in the dorsolateral funiculus, was damaged. When a similar lesion was made at the C2 level, the recovery of precision gripping was limited (Alstermark et al., 2011, and unpublished observation) . Therefore, it was postulated that the functions of the direct CM pathway had been taken over by remaining neuronal systems, such as the PNs located in the C3-C4 segments (Alstermark et al., 1999; Isa et al., 2006) . Detailed descriptions of the indirect pathways from the motor cortex to hand/arm motoneurons are partly given in recent reviews Isa et al., 2007; Pettersson et al., 2007) and fully in Fig. 7 of this review (see below).
Subcortical mechanisms of recovery

Enhancement of the indirect CM transmission
Transmission through the indirect CM pathway was studied by making intracellular recordings in forelimb motoneurons; the effects of electrical stimulation of the contralateral medullary pyramid (coPyr) were investigated in monkeys under anesthesia after recovery from the l-CST lesion ( Fig. 2A and D) . In these monkeys, stimulation of the coPyr evoked monosynaptic EPSPs in all motoneurons on the intact side and disynaptic EPSPs in about half of those on the lesioned side ( Fig. 2Da-f ). The disynaptic EPSPs were not observed at all after additional lesion of the CST at the C2 level during the experiments, suggesting that the disynaptic EPSPs were mediated by the C3-C4 PNs. Such disynaptic pyramidal EPSPs were rarely observed in intact monkeys (Alstermark et al., 1999; Maier et al., 1998) ; they were observed only after reducing glycinergic inhibition by intravenous application of strychnine (Alstermark et al., 1999) . These results suggested that transmission through the disynaptic pathways from the motor cortex to forelimb motoneurons was somehow facilitated during the recovery course, either by strengthening of the excitatory transmission through the pathway or by reduction in the feedforward inhibition to the C3-C4 PNs ( Fig. 2A) .
Formation of γ-band coherent oscillatory network
To further explore this change in the dynamic properties of processing in the motor-related network during recovery, we recorded local field potentials (LFPs) in the M1 and electromyographic (EMG) activity of a variety of forelimb muscles, from proximal to distal, in 2 monkeys during a force-tracking precision grip task, and studied the functional coupling between the cortical and muscle activities . Before the lesion, the cortical LFP and EMG of distal hand muscles exhibited coherent activity with a peak at 17 Hz (β-band) (data not shown). Such β-band cortico-muscular coherence (CMC) has been reported both in monkeys and humans (Baker et al., 1997; Mima and Hallett, 1999) . After lesion of the CST, the CMC completely disappeared and never recovered even three months after the lesion (data not shown), when near-complete recovery was observed in precision gripping. Such results represent conclusive evidence for the hypothesis that the β-band CMC depends on the direct CM connection, as has been suggested by human studies (Mima et al., 2001 ). On the other hand, marked change was observed in the EMG activity. As shown in Fig. 3Aa , the adductor pollicis (ADP) and extensor digitorum 2 and 3 (ED23) muscles functioned as antagonists during the force tracking precision gripping before the lesion; however, about 1 month after the lesion, they exhibited co-activation (Fig. 3Ba ). This may reflect the fact that the monkeys changed their behavioral strategy from a reciprocal pattern of muscle activation to a co-activation pattern, presumably because it was necessary for them to increase joint stiffness to compensate for the loss of force. Such a global co-activation pattern was prominent during the early recovery phase (about 1 month postoperatively); however, it gradually decreased during the late recovery phase (about 3 months). Furthermore, it was found that the EMG activities of the two muscles exhibited synchronous oscillations, yielding musculo-muscular coherence (MMC) with a peak between 30 and 46 Hz (γ-band, Fig. 3Bc and d) . Such γ-band MMC appeared about 1 month after the SCI, grew in parallel to the functional recovery in the precision gripping task in both monkeys, and became distributed over a wide range of muscles, from proximal to distal. Neither the β-band CMC nor a γ-band oscillation was observed in the motor cortex after the CST lesion, suggesting that a subcortical γ-band oscillator commonly recruits hand/arm muscles via remaining pathways, such as the reticulospinal and/or propriospinal tracts, independent of cortical oscillation, and contributes to functional recovery ( Fig. 3Ae and Be). The causal relationship of the γ-band MMC to the functional recovery remains unclear; however, it is possible that the synchronous oscillation is a useful way to effectively transmit signals in the limited resource of neural circuits after injury, and that it is also involved in causing the synaptic plasticity that give rise to shifts from the early recovery stage to the late recovery stage.
Cortical mechanisms of recovery
Functional brain imaging study
It has been documented that, not only the primary motor cortex, but also higher motor related area, has several descending pathways that provide it with direct and indirect access to the motoneuronal pools of hand muscles (Borra et al., 2010; Dum and Strick, 1991; Dum and Strick, 1996; He et al., 1995) . Especially, the ventral premotor area F5 projects to the reticular formation (Borra et al., 2010) and intermediate zone in upper cervical segment where C3-C4 PN are located (Borra et al., 2010; Dum and Strick, 1991; He et al., 1995) . These pathways can be involved in functional recovery after CST lesion. A number of brain imaging studies have been performed in patients after stroke and spinal cord injury, and changes in cortical activity have been reported (Dong et al., 2006; Marshall et al., 2000; Roelcke et al., 1997; Ward et al., 2003) . Thus, plastic changes in neural circuits might occur, not only in the spinal cord, but also in higher order structures after the SCI. However, in patients, brain imaging over longer periods of time is often difficult. Therefore, we conducted a brain imaging study at different times before and after lesion with positron emission tomography (PET) in three monkeys with similar lesions and recovery time courses. We conducted PET scanning using H 2
15
O to study changes in cortical activities related to precision gripping tasks during early (1-2 months) and late (3-4 months) stages of recovery after C4/C5 l-CST lesions. Fig. 4A -C shows the regions of the brain with significant increases in activity associated with the visually guided reach and grasp movements before the SCI. Task-related increases in activity were observed in the banks of the intraparietal sulcus and both rostral and caudal banks of the central sulcus, corresponding to the hand/arm regions of the S1, M1, and premotor cortex (PM) on the contralateral hemisphere during all recovery stages (Nishimura et al., 2007a) .
To identify the cortical regions that showed recovery-related increases in activity, we compared the regional cerebral blood flow (r-CBF) during the postoperative stages with that during the preoperative stage (Nishimura et al., 2007b) . Increased activity was observed in the bilateral M1 during the early stage (Fig. 4D-F) and in the contralesional M1 (co-M1; Fig. 4G and H) and ipsilesional ventral premotor cortex (PMv, Fig. 4I ) during the late recovery stage. The area of the co-M1 with increased activity was expanded during the late recovery stage compared with that during the early recovery stage (compare Fig. 4D and G, G and H), and extended into the contralesional PMv (Fig. 4H) . Thus, we observed a time-dependent change in activation of cortical networks during the functional recovery of finger dexterity after SCI.
Effects of reversible functional blockade
Activation of the ipsilesional motor cortices has been reported in several human case studies of stroke (Dong et al., 2006; Marshall et al., 2000; Ward et al., 2003) and SCI (Roelcke et al., 1997) . However, it has also been reported that the activity on the ipsilesional side is negatively correlated with the progress of recovery (Ward et al., 2003 , see review by Hallett, 2001 ). Such negative correlation can be interpreted in two ways: the ipsilesional activation impedes the recovery, or it is necessary to drive spinal motoneurons, because the damage is severe. It is difficult to determine which of these two possibilities is correct, because the imaging studies only demonstrate the correlation between brain activity and behaviors, and do not provide information about the causality. To overcome this limitation of the imaging study and to clarify whether the increased activity of those cortical regions observed in the PET study causally contributed to the functional recovery, we performed focal reversible inactivation of individual cortical regions using microinjections of muscimol, a γ-aminobutyric acid type A (GABA A ) receptor agonist, at various recovery stages and observed the effects on the performance of precision gripping with the affected hand in two monkeys (Nishimura et al., 2007b ). Because we observed increases in the activity of the M1 and PMv in both hemispheres during the early and late recovery stages in the PET study (Fig. 4D-I) , we chose the digit areas of these cortical regions as targets of the muscimol injection.
During the preoperative trials, inactivation of the digit area of the contralesional M1 (co-M1, Fig. 5A ) resulted in clumsy finger movements, accompanied by a loss of the independent control of each digit as shown in Fig. 5A (Mus, Intact) . Both monkeys reached for the food piece but were not able to achieve a precision grip. (Fig. 5C, Intact) . Precision gripping during the early stage of recovery was severely impaired by inactivation of the co-M1. One monkey showed total paresis of the hand. Another monkey could move its digits, but the thumb and index finger could not be inserted into the slit (Fig. 5A, Mus, Early) . The success rate for retrieval remained zero in both monkeys (Fig. 5C, Early) . During the late recovery stage, the effect from inactivating co-M1 was reduced, even in comparison with the preoperative trials ( Fig. 5A and C, Late) . This was interpreted to mean that partial blockade of the expanded region of the digit area of co-M1 ( Fig. 4G and H) might have been largely compensated at this stage by surrounding regions or other regions, such as the bilateral PMv.
In contrast to co-M1, inactivation of the ipsilesional M1 (ip-M1) in the preoperative trials, (Fig. 5B Mus and 5D , Intact) did not impair digit movements as reported previously (Fogassi et al., 2001 ). Interestingly, after inactivation of the ip-M1 during the early recovery stage, the ability to retrieve the food piece with precision gripping was impaired (Fig. 5B, Early) . The success rates in the two monkeys decreased by 33 and 15%, from that before the inactivation (Fig. 5D , Early). Even in successful trials, both monkeys achieved the grip not with the pads of the index finger and thumb, but with the pad of the index finger and the nail of the thumb. In contrast to the early stage, inactivation of the ip-M1 during the late recovery stage did not impair digit movement (Fig. 5B , Cont and Mus, Late). Schmidlin et al. (2004) also tested muscimol injection into the M1 in monkeys with subhemisections at the C7/C8, but they did not observe digital movement impairments. This may be because they made the injection during postoperative months 3-5, and thus their results are consistent with our present finding.
Inactivation of the co-PMv in the preoperative trials as well as during the late stage of recovery did not impair digit movements in our study. During the early recovery stage, inactivation impaired the capacity to retrieve the food piece, and digit movements became clumsy in one monkey but not in the other.
Inactivation of the ip-PMv in the preoperative trials also did not impair digit movements. During the early stage of recovery, the capacity to retrieve the food piece was unimpaired in one monkey and impaired in the other, who showed clumsiness in their digit movements. During the late stage of recovery, inactivation led to a marked slowing of movements in both monkeys. All these results suggested a time-dependent change in the contribution of a variety of cortical motor-related areas to the functional recovery after SCI.
Changes in gene expression
As described above, a substantial change in the activation of the sensori-motor cortices occurred during the recovery from SCI. However, it is not clear whether such changes in the activation pattern accompany plastic structural changes in the cortical circuits. To answer this question and to explore the molecular basis of such changes at the cortical level, we investigated the expression of growth-associated protein 43 (GAP-43), a protein related to neurite extension, by in situ hybridization before and after SCI (Higo et al., 2009) . The expression of GAP-43 mRNA was enhanced in laminae II/III in S1, M1, PMd, and PMv. Expression also increased in the medium-large sized pyramidal cells in layer V of the bilateral M1 (Fig. 6A-C) , to the origin of subcortical projections, such as the corticothalamic and corticostriatal projections (Jones and Wise, 1977; Higo et al., 2007) . Furthermore, expression also increased in the large-sized pyramidal cells in layer V, especially in the ip-M1 (Fig. 6C) , which contribute to corticospinal projections (Murray and Coulter, 1981; Toyoshima and Sakai, 1982) . The results fit surprisingly well with the distribution of areas that exhibited increased activity in the PET study, and suggest that neurite extension accompanied by reorganization of neural circuits may have occurred in S1, M1, and PM as well as along the association network connecting these cortical regions and the descending tract from the M1, as schematically summarized in Fig. 6D .
The summarized results suggest a possible reorganization of the topographical map of M1 and PMv after the lesion of the motor pathway, which was also suggested by Rouiller and colleagues (Schmidlin Fig. 5 . Effect of reversible inactivation on finger dexterity before and after spinal cord injury. Representative photo frames comparing precision gripping before (Cont) and after (Mus) muscimol inactivation of the contralesional M1 (co-M1) (A) and ipsilesional M1 (ip-M1) (B) on food retrieval before the lesion (intact) and during the early and late stages of recovery. C-D: The success rates for target retrievals obtained before (Cont, black bars) and 2 h after inactivating co-M1 (C) and ip-M1 (D) with muscimol (Mus, white bars) in two monkeys (S and C) preoperatively (Intact) and during the early and late stages of recovery. Figures were modified, with permission, from Nishimura et al. (2007b) . Increased GAP-43 mRNA expression was also observed in the medium-sized pyramidal cells in layer V of the bilateral M1, suggesting an increase in GAP-43 expression in the cells that project to subcortical structures, such as the striatum, thalamus, and brainstem. ©, Ⓓ:Increased GAP-43 mRNA expression in the excitatory neurons of layers II-III of the bilateral M1 and the contralesional PMv and S1 implies a corresponding increase in GAP-43 mRNA expression in the callosal projections (©) and/or in projections to other cortical areas within the hemisphere (Ⓓ). The distal body representations in M1 and S1 have very sparse callosal connectivity (Rouiller et al., 1994) , and therefore, interaction between the ipsi-and contralateral M1 in the recovery of finger movements might be via indirect connections (dotted line). Figures were modified, with permission, from Higo et al. (2009 Higo et al. ( ). et al., 2004 . Reorganization of the sensory topography has already been reported in several lines of studies of spinal cord injury or in the rhizotomy model (Darian-Smith and Brown, 2000; Kaas et al., 2008) . Possible reorganization of the motor map has thus been suggested as well, however the details are still elusive.
Concluding remarks and future direction
The experimental results summarized here showed both cortical and subcortical mechanisms underlying the functional recovery after l-CST lesions at the mid-cervical level. A surprising finding was that finger dexterity considerably recovered even after the direct CM pathway was completely transected. The results of our PET imaging study indicated that brain areas responsible for functional recovery change depending on the recovery stage. However, it should also be noted that the strategy of muscle activation may also have changed, from a reciprocal to a co-activation pattern ). Although it is still speculative, we would like to propose the following hypothesis to explain the above observations, based on pathways schematically diagramed in Fig. 7 .
In normal animals, hand/arm movements are primarily controlled by descending pathways from the contralateral M1 via the direct CM pathway and, presumably, partly via indirect pathways, such as those through the C3-C4 PNs and reticulospinal neurons (RSNs). In Kuypers (1968a, 1968b) , lesions were made at the brainstem (lesion 1 in Fig. 7A ) that caused permanent impairment of precision gripping, while partial recovery was mediated by brainstem systems, such as the red nucleus (RNm) and reticulospinal neurons (RSNs). Contribution of the indirect pathway through PNs in intact animals is still controversial, but it is supported by our recent comparison of hand movements immediately after transection of the l-CST at C5 vs at C2 (Alstermark et al., 2011 and unpublished observation) . In contrast to the C5 lesion, the C2 lesion (lesion 2 in Fig. 7A ) caused serious impairment of precision gripping (lesion 3 in Fig. 7A ). Contribution of this indirect pathway is also supported by a single unit study recording from the C3-C4 PNs by Perlmutter and colleagues (Niwa et al., 2004) . In addition, there may be indirect pathways from the ipsilateral M1 to motoneurons, either through descending projections via the re-crossed corticospinal axons from the ipsilesional motor cortex (tract b4N in Fig. 7B) or through reticulospinal pathways (tracts b5N,b6N and b7N in Fig. 7B ) (Davidson et al., 2007; Davidson and Buford, 2006; Jankowska et al., 2006; Riddle et al., 2009 ), but these pathways might be under inhibitory regulation and not be very functional in the intact state. However, when the CST is damaged, in monkeys (and perhaps humans) inhibition may be reduced and the remaining indirect pathways from the ipsilateral M1 would compensate for the lost function. At this stage, mirror movements are often observed in the hand of the intact side when the animal tries to grasp with the affected hand. Such mirror movements might reflect the activation of the ipsilesional M1, as has been shown in our recent study on mirror movements Fig. 7 . Descending pathways that might be involved in the control of hand/arm motoneurons in the cervical enlargement ("MN"). A. Descending pathways from the contralateral motor cortex (Cx). Neurons in the magnocellular division of the red nucleus (RNm) receive inputs from the Cx and cerebellum (Cb); their axons descend through the contralateral dorsolateral funiculus (DLF) and are connected with MNs either directly or presumably via the propriospinal neurons (PN) or segmental interneurons (SIN). Reticulospinal neurons (RSN) on the ipsilateral side to MNs directly mediate the cortical inputs to MNs, and those on the contralateral side (b3N) mediate them indirectly via the commissural spinal interneurons ("C"). RSN axons descend through the ventrolateral or ventral funiculi (VLF/VF). Uncrossed corticospinal fibers descend either in the DLF (b 1N) or VF (b 2N) to the cervical segments. Recent studies (Rosenzweig et al., 2010; Yoshino-Saito et al., 2010) showed that those in the DLF directly cross the midline and might control the contralateral MN (b 1N ). On the other hand, those in the VF are terminated in lamina VIII and might control the contralateral MNs via the commissural neurons ("C"). Red dotted lines ①, ②, ③, ④ indicate the lesions in previous studies as indicated in the Concluding remarks. (1): Lawrence and Kuypers (1968a, b) , (2): Alstermark et al. (2011) , (3): Sasaki et al. (2004) , Nishimura et al. (2007b , Alstermark et al. (2011) ; (4): Galea and Darian-Smith (1997a, b) , Schmidlin et al. (2004) , and Rosenzweig et al. (2010) . B. Descending pathways from the ipsilateral motor cortex based on previous reports by Jankowska et al. (2006) , Davidson and Buford (2006) , Davidson et al. (2007) ; and Riddle et al. (2009) . Re-crossed axons of the crossed CST might regulate the MNs, but has not yet been clearly demonstrated (b 4N). Crossed (b5N) or uncrossed (b 6N) RSN pathways mediate the cortical inputs to commissural neurons ("C"). The ipsilateral uncrossed RSN pathway mediates the cortical inputs to MN (b7N). The existence of some of these pathways has not been demonstrated in monkeys (drawn as dotted line), but they are extrapolated from previous studies in cats.
caused by temporal inactivation of the M1 (Tsuboi et al., 2010) . As the recovery progresses, the digit area of the contralesional M1 expands and the PMv on both sides is recruited for more stable control; which are accompanied by plastic changes in the neural circuits. Then, at later stages of recovery, disinhibition of the ipsilesional M1 is reduced. Actually, the mirror movements disappeared at the late stage.
By combining the results of the brain imaging and focal reversible inactivation studies, we demonstrated the contribution of brain regions found to be activated in PET studies to the recovery process. Among these, demonstration of a positive function of the ipsilesional M1 is especially noteworthy, although there is no doubt that contribution of the contralesional M1 is more important than other regions. As described above, the plastic changes in signal transmission through the cortical and subcortical networks are both time-dependent and may be coordinated with one another, but at this moment it is not known how. Clarifying the normal recovery process should contribute to the evaluation of the recovery status and to setting goals of rehabilitative training in human subjects.
On the other hand, it is important to clarify whether similar mechanisms function in the recovery from other types of lesions caused by brain stroke and other types of SCI. In the present model of SCI (lesion (3) in Fig. 7A ), the PNs might play a major role in taking over the impaired function of the CST in precision gripping, and the PNs reticulospinal neurons may also be involved in the control of reaching. However, the compensatory mechanism might vary depending on the extent of the SCI. Several series of studies based on the hemisection model at various cervical segments (Galea and Darian-Smith, 1997a, b; Rosenzweig et al., 2010; Schmidlin et al., 2004) , the axons of the PNs and reticulospinal neurons descending in the ventromedial part of the white matter appear to be mostly damaged (lesion 4 in Fig. 7A ). In such cases, recovery might be mediated via axons descending in the contralateral spinal half, such as uncrossed CST originating from the contralesional motor cortex; the crossed CST originating from the ipsilesional motor cortex, either in the dorsolateral funiculus or ventromedial funiculus (tracts b1N and b2N in Fig. 7A ); or reticulospinal tracts, which terminate on the commissural spinal interneurons (cell "C" in Fig. 7A ).
For the future, therapies accompanying interventions might be developed, based on the summarized findings, to treat patients with severe spinal-cord injury or stroke. Interventions might include brain stimulation and gene therapy. For the latter purpose, studying gene expression during recovery might lead to the development of effective gene therapy to facilitate functional recovery. Along this line, we showed that expression of GAP-43 mRNA increased in the cortical areas involved in the functional recovery (Higo et al., 2009 ). However, more systematic analysis of gene expression is necessary to obtain a whole picture of gene expression changes. In this regard, we have recently revealed the gene expression of the M1, premotor, and prefrontal cortices in macaque monkeys using gene chip analysis (Sato et al., 2007) . Such a comprehensive analysis of changes in the gene expression pattern in these cortical areas might accelerate research in this direction. In summary, the multidisciplinary approaches, including behavioral, electrophysiological, neuroanatomical, pharmacological, brain imaging, and molecular genetic approaches, are converging in the macaque model of spinal-cord injury/stroke, which will surely lead to the development of more effective neuro-rehabilitation therapy.
